Hypothesis: Transdermal sustained-delivery oxygen therapy improves wound healing.
T
HE IMPORTANCE OF AN ADequate oxygen supply for successful wound healing has long been recognized, and in recent years, the cellular role of oxygen as a signaling molecule has also been well demonstrated. Responding to low oxygen levels, the hypoxia inducible factor signaling pathway has been identified as a potential therapeutic target. 1 Beyond oxygen's nutrient properties, changes in intracellular oxygen levels regulate signal transduction pathways responsible for mediating various important growth factors and multiple enzymes involved in glycolysis. [2] [3] [4] [5] Moreover, its role as the essential substrate for generation of oxygen free radicals confers benefits in local resistance to infection. 6, 7 Oxygen as a therapeutic agent has a long history in wound healing, with a wide gamut of interventions all aimed at augmenting oxygen delivery to impaired wound-healing sites. Although arterial reconstruction is a time-proven intervention for arterial insufficiency, hyperbaric oxygen, the other principal form of increased oxygen delivery to local tissues in wound healing, has been more controversial. Hyperbaric oxygen has been used extensively for more than 50 years in the treatment of ischemic wounds, largely on an empirical basis, and with a paucity of controlled clinical trials. [8] [9] [10] [11] [12] Nevertheless, in some studies, hyperbaric oxygen has shown some clear-cut benefits for wound healing, [13] [14] [15] and it has been accepted as an efficacious therapy for diabetic ulcers in the setting of ischemia. [16] [17] [18] With the recognition of oxygen as a signaling molecule, and experimental observations that intermittent hyperbaric oxygen can induce growth factors and their receptors 19 and enhance growth-factor activities, 20 there has been an increased understanding of the mechanism of action of hyperbaric oxygen therapy. 21 Intermittent hyperbaric oxygen therapy involves placing a patient into a chamber with oxygen pressures of 2 atm or greater, raising the oxygen level within ischemic wounds to 300 mm Hg for a period of 1 to 2 hours, from a resting level of less than 10 mm Hg. 22 This therapy has the selfevident limitation of accessibility to the chamber, as well as posing issues of expense and safety. An alternative clinical strategy that has been used anecdotally involves regional oxygen therapy (either hy-perbaric or at normal pressure) by placing an extremity in a portable rigid or inflatable unit for several hours. [23] [24] [25] This rationale is much different from that of hyperbaric oxygen in that the oxygen is delivered locally, and its therapeutic effect is limited by diffusion across the skin surface. Few clinical studies testing this approach have been performed, 26 and no controlled animal models have demonstrated the efficacy of this mode of treatment.
In this study, we use a self-contained miniature device that produces continuous oxygen delivery to the local wound environment by an electrochemical reaction. It allows sustained transdermal delivery over 24 hours daily to the local wound environment. The central hypothesis of this study was to address an unanswered question: would local oxygen delivery be efficacious in an established and carefully controlled wound-healing model? 27, 28 Second, would a miniature device delivering oxygen to the local wound environment that would allow sustained 24-hour delivery of oxygen have an amplified effect over current regional devices, which are large and nonportable and cannot be feasibly be used longer than a few hours daily?
METHODS

MODELS
The ischemic ear wound model was used as described previously by Ahn and Mustoe. 28 The technique was modified to permit transdermal sustained oxygen delivery to 1 of the 2 ischemic ears. We followed the Northwestern University (Chicago, Ill) guidelines for care and use of laboratory animals throughout this study.
Young (3-to 6-month-old), female New Zealand white rabbits were anesthetized with intramuscular xylazine and ketamine (xylazine, 16mg/kg; ketamine, 80 mg/kg) according to the university's standard protocol. Depilation and topical antibacterial preparation (povidone iodine scrub) of the pertinent surgical site were performed. Under microscopic magnification, both ears were rendered ischemic by dividing the small rostral artery and the large central artery. Care was taken to preserve all associated veins and the tiny caudal artery, which serves as the sole blood supply to the healing ear (Figure 1) . Four full-thickness 7-mm punch wounds were then created on each ear.
OXYGEN THERAPY
Treated ears received transdermal sustained delivery of oxygen via silicone tubing tunneled subcutaneously to a pocket under a semiocclusive dressing (Figure 2) . Oxygen production relied on a small device (EPIFLO SD; Ogenix Corp, Cleveland, Ohio), manufacturer rated to produce 100% O 2 at 3 mL/h continuously based on a battery-driven electrochemical reaction. One self-contained unit (5ϫ3.6ϫ1.3 cm; 57 g) was connected to the silicone tubing and secured in a body harness to each rabbit for the duration of the experiment (Figure 3) . Care was taken daily to ensure the proper seal was maintained over the wounds.
HISTOLOGIC ANALYSIS
At either of 2 time points (day 5 or 8), the animals were anesthetized again and killed using an intracardiac injection of phenobarbital according to the university's standard protocol. Wounds were harvested and bisected; we preserved half in formalin for histologic processing and the remainder at -80°for RNA extraction.
Tissue was then processed for histologic analysis, sectioned, and stained by a dedicated histopathologist. Histologic analysis assessed 18 measurements, used in conjunction to determine cardinal wound-healing parameters in a process that has been described previously (Figure 4 and Figure 5 ). 29 Blinded to treatment modality, research fellows quantitated the epithelial gap, epithelial height, granulation distance, granulation height, granulation area, and peak-to-peak distance for each sagittal wound section.
An additional 14 slides underwent histologic staining using an Alcian blue protocol (pH 2.5) to quantitate provisional matrix formation (proteoglycan) after wounding, composed mostly of disaccharide-repeat glycosaminoglycan covalently linked to a protein core. Sirius red was used in a parallel staining protocol to quantitate collagen deposition. Semiquantitative grading was performed in blinded fashion, using a scoring scale for increased staining to track increased synthesis and deposition of glycosaminoglycan and collagen within the wound bed ( Figure 6 ).
REAL-TIME POLYMERASE CHAIN REACTION
The preserved tissue samples were also subjected to RNA extraction (Qiagen, Valencia, Calif ). Tissue analysis was performed using quantitative polymerase chain reaction (PCR) processed on an ABI PRISM 7000 Sequence Detection System real-time PCR machine (Applied Biosystems, Foster City, Calif). Primers and probes were designed for rabbit ␣-2 type 1 collagen 9 to assess collagen induction.
Primers and probes were designed for c-Fos, a subunit of the activator protein-1 (AP-1) transcription factor promoter, as an assay for generalized cellular keratinocyte activity.
All samples were run in triplicate and expression was measured relative to quantitated constitutive 18S ribosomal RNA activity for each sample (also run in triplicate). Delta delta cycle threshold (⌬⌬Ct) values were used to determine relative expression between treatment and control groups.
STATISTICS
Statistical analysis of histologic data was performed using analysis-of-variance multivariate analysis software to determine significance of findings in the 4 treatment groups (day 5 and day 8, control and treatment). Groups were analyzed using the Tukey honestly significant difference test to generate studentized range statistics. P values below .05 were considered significant. Significance of Alcian blue histologic staining and quantitative PCR results were determined using a t test for a probability of PϽ.05.
RESULTS
WOUND HEALING
Rabbits were treated with transdermal sustained delivery of oxygen to 1 ear with the opposite ear serving as the control (Figure 2 ). Quantitative histologic analysis ( Figure 4 and Figure 5 ) of the 7-mm circular open wounds revealed an increase in epithelial wound coverage of 156% at day 8 ( Figure 7 ) and 91% at day 5 (Figure 8) . Overall mean granulation tissue volume showed a trend toward an increase but did not reach significance (Figure 9 ).
MATRIX COMPOSITION
Prior reports have shown increased glycosaminoglycan production in response to oxygen-enriched environments in vitro. 29 In the current study, an analysis of the matrix composition in the granulation tissue was carried out by differential staining with Alcian blue for glycosaminoglycan content and Sirius red for collagen content. Semiquantitative analysis by a grading scale (discussed in the "Methods" section) showed increased deposition of glycosaminoglycan (Figure 10) . Analysis of collagen content showed no differences (data not shown).
FIBROBLAST AND KERATINOCYTE ACTIVATION
Collagen induction was also assessed by real-time PCR analysis for type 1 collagen, further confirming the histologic analysis that there were no significant differ- ences between treatment and control groups (Figure 11) . Previous reports have used AP-1, a nuclear binding protein and signal transduction pathway molecule common to many pathways, including keratinocyte upregulation, as an indicator of keratinocyte transcriptional activation. 30 Induction of AP-1 was examined in this study to further document the keratinocyte activity consistent with the histologic findings of increased epithelial coverage and epithelial proliferation. Real-time PCR analysis for changes in AP-1 showed notable differences between the oxygen and control groups (Figure 12 ), which were consistent with the histologic observations and approached statistical significance (P =.07).
COMMENT
That oxygen is important to wound healing has been firmly established, from clinical successes with arterial reconstruction of ischemic extremities to quantitative comparisons of tissue oxygen tensions in healing and nonhealing wounds. 31, 32 However, there is a lack of knowledge as to the method of delivery, duration, and amount of oxygen necessary for significant wound-healing benefits. The largest body of evidence has accumulated for systemic hyperbaric oxygen delivered at 2 to 3 atm for 1 to 2 hours per 24-hour period over 1 to 4 weeks, 20 but there is no consensus on optimal treatment regimens and these regimens are largely empirical. The paucity of randomized prospective clinical trials meeting the highest standards for evidence-based medicine has meant that hyperbaric oxygen therapy has failed to earn consensus recommendation as an effective therapeutic modality, although it is gaining increased acceptance for diabetic wounds. 17, 18, [33] [34] [35] Regional oxygen therapy directed at a limb at hyperbaric or normobaric levels for varying periods of time is being marketed on the basis of anecdotal studies alone. 2 Despite this, isolated studies under controlled circumstances have documented clear improvements in wound healing in response to oxygen therapy in different forms. Carefully controlled animals studies from multiple centers show significant effects of systemic hyperbaric therapy on cutaneous healing in small animal models. 13, 14 Studies further examining the depth of penetration of ambient hyperoxia have shown limited penetration into tissues (Ͻ1 mm), casting doubt on the possibility of effects at deeper levels. 36 Target tissue selection may prove pivotal in such cases; systemic hyperbaric therapy for deep tissue problems such as mandibular osteoradionecrosis rely on oxygen enrichment of blood flow perfusion, while in superficial ulcers, increasing the depth of penetration of transdermal delivery, particularly when continuous, is more likely to be therapeutic. Given the absence of knowledge of critical levels of tissue oxygen to be therapeutic, transdermal delivery of oxygen to shallow ulcers has a potential rationale. The limitations on tissue diffusion are consistent with the findings in this study of a greater measurable effect on the superficial epithelial layer than the underlying granulation tissue. Whether the effects on granulation tissue would reach a larger magnitude in larger wounds treated for longer periods of time remains to be seen and warrants further study.
The product specifications of the oxygen generator (EPIFLO SD) rate production of oxygen at 3 mL hourly to 3 logarithms of purity (99.9%) in the model used. Bench testing by the device manufacturer has confirmed local partial pressures of between 350 and 400 mm Hg under a semiocclusive membrane similar to that used in this study (manufacturer specifications). Of note, although treatment conditions were normobaric by design, partial oxygen tension in the exposed tissues approached similar levels to tension measured in hyperbaric oxygen therapy, delivered systemically by means of blood flow. 22 It is significant to note that although the effects on the epithelial component of wound healing were striking on day 8, the impact on day 5 healing was already demonstrable. Previous experimental studies on wound healing 27, 37, 38 have demonstrated a so-called "lag phase," which has been characterized as a 72-hour period of cellular activation with little activity. This suggests that transdermal sustained-delivery oxygen has a rapid onset of activity, but it is unclear whether the lag phase is accelerated or whether the augmentation in epithelial healing is accelerated enough to demonstrate the nearly 2-fold greater coverage within 48 hours after the normal lag phase.
Of relevance and potential significance in this study is the continuous nature of the therapy. Hyperbaric oxygen treatments are intermittent, and other regional oxygen-delivery systems relying on the transdermal route have also been intermittent. [23] [24] [25] Despite its limited penetration, the continuous delivery may offset the greater impact on deeper tissues by systemic hyperbaric oxygen delivery. Within the time frame of this study (1 week), improvement in deeper wound-healing substrates was not significant, although the magnitude of the effect was suggestive and limited by the numbers in this study. Induction of collagen synthesis was not seen.
A report has described AP-1 in assessing epithelial healing of corneal wounds as a generalized marker for keratinocyte activation. 30 Activation of AP-1 showed a borderline increase in our treatment group (P = .07), consistent with the augmented epithelial healing seen in this study.
As a potential alternative to systemic hyperbaric therapy, transdermal oxygen delivery represents an easily applied and inexpensive option that can be incorporated into a wound dressing. The issues of accessibility, availability, and expense have been impediments to the more widespread use of hyperbaric oxygen treatments. To our knowledge, this study represents the first experimental or clinical study demonstrating a beneficial impact on wound healing for transdermal delivery of oxygen in a well-established animal model. A compact transdermal delivery system also opens the possibility for synergism between oxygen therapy and growth-factor therapy, which experimentally has shown promise and rationale. 4, 5, 20 
CONCLUSIONS
Transdermal sustained-delivery oxygen significantly improves the epithelial component of ischemic wound healing in our model. We found no increased induction of collagen synthesis. The data in this study suggest it may also improve other components of ischemic healing, including granulation tissue formation, provisional matrix deposition, and cellular metabolism.
Based on these results, we report that transdermal sustained-delivery oxygen is a viable, inexpensive alternative to systemic hyperbaric therapy, conferring clear and significant benefits in ischemic epithelial wound healing.
Oxygen treatment in the form of hyperbaric oxygen has gained increasing acceptance for chronic wounds with an ischemic component, particularly diabetic ulcers. There has been an increasing scientific rationale for the therapeutic benefits of oxygen in conditions of hypoxic tissues. The use of topical oxygen therapy in the form of a lightweight and portable bandage has widespread potential clinical applications. Based on animal studies, use in combination with growth factors or other therapeutic agents may synergistically increase its clinical efficacy. 20 Further studies are warranted, especially in conjunction with therapies that augment healing by other mechanisms. 
